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SYfiOPSIS 

The e f f e c t  of low p l a s t i c i z e r  concentrations on the glass t rans i t2on  

temperature of poly(methy1 methacrylate) (PMMA) has been s tudied experi-  

mentally f o r  diethyl phthalate (DEP) and methyl methacrylate (MMA) as 

p l a s t i c i z e r s .  Volume dilatometry, d i f f e r e n t i a l  thermal analysis ,  and a 

to r s iona l  pendulum were used t o  determine glass t r a n s i t i o n  temperatures. 

"he monomer p l a s t i c i zed  PMMA samples were prepared by polymerizing MMA 

t o  a l i m i t i n g  conversion which was found t o  depend pr imari ly  on tempera- 

t u r e .  A t  temperatures s l i g h t l y  above the glass t r a n s i t i o n  temperature 

of a MMA-F'MMA system, a polymerization reac t ion  occurred a t  a rate rapid 

enough t o  complicate the  in te rpre ta t ion  of the di la tometr ic  and d i f fe r -  
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ent.ieA t h e r m 1  analysis  methods fo r  determining the glass t r a n s i t i o n  

temperature. However, the  to r s iona l  pendulum method could be used s ince 

it did not require  measurements t o  be made a t  temperatures where poly- 

merization could occur. "he differential thermal analysis  r e s u l t s  

showed tha t  the temperature a t  which the polymerization reac t ion  was 

f i r s t  detectable was related t o  the glass t r a n s i t i o n  temperature of the 

MMA-PMMA solut ion.  The measured glass  t r a n s i t i o n  temperatures were com- 

pared with the  predict ions of the theories  of Fox, Kelley, and Bueche and 

Dimarzio and Gibbs on the  e f f e c t  of p l a s t i c i z e r  concentration on the 

depression of the  glass t r a n s i t i o n  temDerature. 
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INTROINCTION 

The exposure of polymers to ultraviolet and other higher me:'<,, 

radiation fields may initiate decomposition reactions that lead to t!ic 

formation of low molecular weight products. These products of deco:n- 

position, if they remain in the bulk material, can modiry tlic i r~ed~ :  I 'r.31 

properties of polymers by acting as plasticizers. 

an analytical. expression was developed which related the yield strcsd of 

poly( methyl methacrylate) (PMMA) at temperatures below the glass transi- 

tion temperature (Tg) to strain rate, test temperature, and plasticizer 

content. In the present study, methods of measuring or calculating the 

glass transition temperatures of plasticized PMMA systems were investi- 

gated as part  of a continuing program to relate the mechanical behavior 

of various polymeric materials to their glass transition temperatures. 

During this study, attempts t o  measure for the PMMA-MMA system by 

the accepted dilatometric method were conrplicated by polymerization in 

the region of the glass transition temperature. This made the deter- 

mination of Tg from the dilatometric data potentially unreliable. For 

this reason, differential thermal analysis (hereafter referred to as DTA) 

and torsional pendulum methods of measuring glass transition temperatures 

were also evaluated. Glass transition temperatures measured by these 

two methods were related to the dilatometrically determined 

PMMA-DEP system which is free of the complications of polymerization. 

This relation is then used to determine the "true" dilatometric 

the PMMA-MMA system from the glass transition temperatures measured by the 

torsional pendulum method and by DTA. Finally, the Kelley-B~eche,~ 

In an earlier stuGyl 
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and Dimarzio-Gibbs5 r e l a t ions  of g lass  t r ans i t i on  teiiipei'ttiui.~. :;I I I L  

due t o  p l a s t i c i z e r  content are compared w i t h  the  measured TG. 

EXPERIMENTAL 

Materials 

Methyl methacrylate (MMA) obtained from the Rohm and Haas Company 

was washed with 5% NaOH and with water t o  remove the inh ib i to r ,  and was 

then d r i ed  and d i s t i l l e d .  A middle f rac t ion  was col lected f o r  use i n  

the  preparation of polymer samples. Gas chromatography showed t h a t  the 

d i s t i l l e d  monomer was f r e e  of impurit ies.  

Diethyl phthalate  (DEP) (Eastman, White Label) was used as received, 

as was a, a', azobis isobutyroni t r i le  (AIBN) (DuPont ' s Vazo) . 

Preparation of Diethyl-Phthalate- and Monomer-Plasticized 

Poly(Methy1 Methacrylate) 

i 

! 

Diethyl Phthalate.  F'MMA samples containing 3.0%) 3.6%) 8.0%) and 

16.0$ by weignt of BEP were prepared by soiutioii p ~ i 3 ~ ~ r i z a t i ~ n  6 s  follows: 

Methyl methacrylate containing 0.5 part  per hundred of AIBN was mixed 

with the  desired weights of DEP and the mixture placed i n  15-mm glass- 

tube ampoules. containing a constr ic t ion.  The mixtures were ca re fu l ly  

degassed on a high vacuum rack as described by Morton6 and sealed off 

under a pressure of lom5 t o r r .  

i n  a thermostat at 40' C f o r  24 hrs. and the  temperature then was raised 

i n  15' C increments each day u n t i l  it reached 130' C. 

containing bubbles were produced i f  polymerization was attempted a t  a 

The polymerization ampoules were placed 

Unusable samples 



higher i n i t i a l  temperature o r  i f  the polymerization tempera ~ i i i . 2  .. 

more rap id ly .  This might be explained by the  Tromnsdorff cl ' i 'ec~. - 

pies prepared i n  t h i s  way showed no evidence of unpolymerized ~;.o,ic]i 

when examined by I. R. analysis .  Each cy l indr ica l  sai~ple  W E L ;  iil:LChLIL 

t o  give specimens f o r  the  three methods of measuring g l a s s  t rans i t i i ? : ;  

temperatures. 

Monomer. Monomer p l a s t i c i zed  samples were obtained by the bulk 

polymerization of MMA conducted at  temperatures between 30' and 100' C .  

Monomer containing 0.546 of AIBN was degassed on a high vacuum rack and 

sealed i n  a 500-ml f l a s k  containing a "break sea l"  o u t l e t  tube. The 

monomer-initiator so lu t ion  was d is t r ibu ted  and sealed i n t o  e igh t  15-mr, 

tubes by a high vacuum technique described by Morton, e t  a1.6 

done t o  insure t h a t  all of the polymerized samples would have the same 

concentration of AIBN. 

a t  40' C.  

tures between 30' and 120° C. 

~ I L C L ~  was a Urd% f o r  conversim ef mmxer tc? p l j m e r  ~chich depefided 

on the  f i n a l  temperature of polymerization. The cy l ind r i ca l  samples 

obtained were machined t o  give specimens f o r  each of the  three  methods 

of measuring glass t r a n s i t i o n  temperatures. 

This was 

A l l  tubes were allowed t o  polymerize f o r  24 hrs. 

Each tube was then thermostated f o r  4 t o  7 days a t  tempera- 

It was found t h a t  with t h i s  technique 

LL-- 

Characterization of DEP-PMMA and MMA-PMMA Systems 

I. R. Analysis Methods. An infrared method of ana lys i s  was used 

f o r  determining the  amount of monomer i n  the  PMMA systems. 

spec t ra  of solut ions of PMMA and MMA i n  chloroform were obtained with a 

Beckman I. R. 8 i n  the region of 6.1 microns where the  monomer has an 

The in f r a red  
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absorption band (carbon-carbon double bond) w h i c h  is r1v L '.J 1 . 

polymer. Chloroform i s  used since i t  i s  e s s e n t i a l l y  L r x l z ~ ~ ~  7 . '  nt . . 1 .  

The so lu t ions  were run i n  c e l l s  of 1-m path length w i t ? i  3 i - tt:hLi - (  '-1 

containing chloroform i n  the reference beam sf the i r i z L ~ * ~ x  ::k. c:' ?1.- 

b r a t i o n  curve r e l a t i n g  solut ion opt ica l  densi ty  a t  6.1~ 

of monomer w a s  obtained from the spectra  of eleven synthet ic  m'ixtuy't ; 

to conceiitl*~,Lion 

prepared by weighing and mixing pure MMA and PMMA t o  simulate sample:: con- 

t a i n i n g  from l$ t o  12% MMA. The solute  volume was taken i n t o  account t o  

determine the concentration of the solution. Total  sample concentrations 

were chosen t o  give Io/I values i n  the range 1.3 t o  3.0. The use of 

high sample concentrations (chLoroform so lu t ion  concentrations of u2 t o  

0.08 g/ml could be used) and long c e l l  path lengths mde th i s  method 

q u i t e  accurate f o r  determining the  monomer. Results were reproducible 

t o  k546 of t h e  monomer content. Quant i ta t ive  results on samples contain- 

ing less than 0.5$ mnomer could not be obtained because solut ions of 

the  required high sample concentration were too viscous t o  be t ransfer red  

t o  t'ne absorption ce i i .  

The Dependence of Polymerization Rate on Temperature a t  High 

Conversion. To demonstrate t h a t  the  concentration of mnomer would 

remain constant during the measurement of the g lass  t r a n s i t i o n  tempera- 

ture, the rate of bulk polymerization of MMA a t  high conversions w a s  

b r i e f l y  invest igated.  The r e s u l t s  for  a polymerization conducted at  

55' C are shown i n  Figure 1 where percent unpolymerized MMA i s  p l o t t e d  

aga ins t  t h e  elapsed t i m e .  

ampoules (10 mn dia.) prepared from the same solu t ion  of O.5$ AIBN. 

The experiment w a s  conducted w i t h  nine 

"he ampoules were t r e a t e d  as described f o r  the preparation of monomer 

5 



L ,  .ir . . 

p l a s t i c i z e d  PIQ4A; t h a t  is, they were placed in a 46'' C 1 , 

and then thermostated a t  55' C .  

analyzed f o r  MMA by the previously described I.  R.  nethod. i ' .(; 1 

shows t h a t  a f t e r  96 hrs .  at 55' C, the rate u f  ptioijrliie1*izsilc . 

Ampoules were opened pei*icf ' 

- 1  decreased t o  about 0.01s per hr. Two of the samples carr icu ::cxi I ,ilc 

rate experiment at 5 5 O  C were allowed t o  con-Anue polymerizing ~ t ,  bCL C 

and the  polymerization r a t e  increased by a f ac to r  of about 10. The rate 

of polymerization of samples polymerized a t  the other  temperatures d s o  

decreased t o  a low value a f t e r  4 days. The l imi t ing  conversion a t  i.ihich 

t h i s  low v d u e  was a t t a ined  was found t o  depend on the polymerizatlon 

temperature and on the amount and type of i n i t i a t o r  employed f o r  the 

polymerization. The polymerization temperatures, together w i t h  l imi t ing  

conversions obtained using monomer containing 0.546 AIBN, a re  given i n  

columns 2 and 3 of Table I. 
- 

Molecular Weight Determinations. The v i scos i ty  average, Mv, and the 

number average, &,, mlecular weights of three polymers prepared by the  

methods described, were determined and t'ne res-dts  a r e  s-mmarlzed i n  

Table 11. A Cannon-Ubbelohde d i lu t ion  viscometer, having a flow t i m e  

f o r  benzene of l9O sec. ,  w a s  used t o  obtain the v iscos i ty  data. The v i s -  

cos i ty  average molecular weights were obtained by use of the  equation 

r e l a t i n g  i n t r i n s i c  v i scos i ty  (y) of PMMA solut ions i n  benzene at 30° C 

t o  & reported by Hwa.8 This equation i s  

Number average molecular weights were obtained with a Mechrolab Model 

501, high-speed menibrane osmometer at 37' C.  Toluene w a s  used as the  

solvent .  
, 
6 
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Stereoisomeric Structure  - N.M.R. Specti*a. The M .FI. t<. L , ; t  c 

t h r e e  of the  PMMA samples prepared by po1ymc:'ization a t  d i l ' ( .L .c  > i  I '.. 

a tures  were obtained with a V a r i a n  A-60 N.M.R. spcctr~r;~etc~.- .  ' - 

p r e t a t i o n  of the N.M.R. spectrum of PbDiA nas been worke2 out L,, Y L -  , 

and T i e r s . '  

deutero-chloroform (cone. about 3 &/lo0 m l ) .  

i n  Table I1 as the r a t i o  of the area, Ph, of the h e t e r o t a c t i c  peek i 2.0.) 

t o  t h e  area, Ps, of the  syndiotact ic  peak (9-14~) t o  f a c i l i t a t e  compari- 

son w i t h  t h e  results of Fox and Schnecko." The d e f i n i t i o n  of T i s  

given i n  most N.M.R. texts." 

Spectra were obtained at 90' C w i t h  s o l u t i o r -  oLI -):- 

The results are L - ~ G Y  

Methods For Determining Glass Transi t ion Temperature 

Dilatometric Method. The method described by Bekkedahl12 for 

measurement of di la tometr ic  glass t r a n s i t i o n  temperature was used. Both 

mercury and s i l i c o n e  o i l  were used as confining l i q u i d s .  The dilatom- 

eters were constructed from 2-m true-bore c a p i l l a r y  tubes sealed t o  

15-mm tubing. 

employed. The o i l  bath thermostat was control led t o  50.1' C.  

t u r e  was r a i s e d  or lowered i n  in te rva ls  of about 5' t o  10' C .  

Cylindrical- t e s t  specimens weighing fma 8 t o  1-5. Q were 

Tempera- 

Equi l i -  

b r a t i o n  times of 30 min. were allowed after every temperature change. 

D i f f e r e n t i d .  Thermal Analysis Method. A schematic diagram of the 

DTA heat ing block used i n  t h i s  study i s  shown i n  Figure 2. The over- 

all design of the  DTA system w a s  similar t o  the  one described by 

St re l la .13  The aluminum heating block was lowered i n t o  the center of 

a standard Marshall furnace. The furnace heating rate was 'control led by 

i 



a motor-&riven var iac  which produced a 5 rt- 0.5' C/vi?. 1 1 - 1  : 1 I 

increase i n  the heating block. The specimens were machi : l ' , t i  i 1 A, 0. 

rt 0.010 in .  diameter and 0.135 It 0.010 in .  th ick  disk.;. 0:i . 

placed i n  the  specimen cavi ty  and the  specimen texperature : ~ I ~ C I  1 1 ~  - 

e n t i a l  temperature thermocouples were posit ioned on the di;k : G ! ~ o . ~  

i n  Figure 2. Then a second d isk  was placed over the f i rs t  and t h e  ul i j~or  

p a r t  of the  heating block was lowered and clamped with a force  suff ' ;c. imt 

t o  insure  good contact between the f l a t  s ides  of the d isk  and the heating 

block and a l so  between the  thermocouples and the disks .  

which was used as a reference material, was tamped around the thermo- 

couples on the  reference s ide.  The specimen-temperature thermocouple 

was connected t o  the  X axis of an X-Y recorder (Moseley 5 - S ) .  

different ia l - temperature  thermocouple was connected t o  an ind ica t ing  

m i l l i v o l t  potentiometer which i s  e s sen t i a l ly  a high gain, s t ab le  ampli- 

f i e r .  The amplified differential-temperature s igna l  was then sen t  t o  the  

Y axis of the recorder.  

? .  1 I 

MgO powder, 

The 

DynmLc rvlechanical Method (Torsional Pendulum). A schematic diagram 

of the  to r s iona l  pendulum used i n  t h i s  study i s  shown i n  Figure 3.  The 

assembly was mounted on the top panel of an air  bath temperature cont ro l  

chamber (Statham SD-8). 

(RVDT) and the  i n e r t i a l  d i sk  were mounted e x t e r i o r  t o  the  chamber. 

RVDT was mounted on a t e f lon  diaphragm which r e s t r a ined  it from r o t a t i n g  

The ro t a ry  variable d i f f e r e n t i a l  transformer 

The 

but  allowed a small amount of t i l t i n g .  

assured t h a t  the axial tension i n  the specimen was negl igible .  

were approximately 1/32 in .  thick,  1/4 i n .  wide, and 2 in .  long between 

the  g r i p  faces .  

The hinged lower support arm 

Specimens 

The i n e r t i a  d i sk  used was aluminum 5.81 in .  i n  diameter 

8 



and 0.0650 i n .  thick.  The over-al l  o s c i l l a i c r  syc+e:z i A i d r ! i * 2  I 

2097 gr cm2. 

(Schaevitz DMPS-3). 

graph (C.E.C. Ty-pe S - 1 1 9 ) .  The oscillation f'reqiiency for t'li 

of specimen s i z e  and i n e r t i a l  disk was approximately 2 cycles 

a t  temperatures below the glass t r a n s i t i o n  region and decreased t o  I / )  

cycle per second i n  the glass t r a n s i t i o n  region. 

t h e  g l a s s  t r a n s i t i o n  temperature was defined as the temperature a t  which 

t h e  damping reaches a specif ied l e v e l .  Individual data  points  f o r  a 

given damping spectrum were col lected a t  10-min. i n t e r v a l s .  The temper- 

a t u r e  was r a i s e d  loo  F after each r u n .  

approximately 1 min. t o  the set temperature, thus allowing 9 min. f o r  

t h e  temperature t o  e q u i l i b r a t e  i n  the specimen. 

The RVDT (Schaevitz type R4BSS) was asec'?. \ l i t11 :L 

The damped response curve was recorciert o:, 

A s  w i l l  be d i s c u s a  i ,  

The furnace temperature rose i n  

RJ3SULTS 

Glass Transi t ion Temperature Measurements on DEP Plast ic ized.  PMMA 

Typical dilatometer curves f o r  DEP plasticized PMMA are shown in 

The ordinate i s  the  height of the nercury i n  the c a p i l l a r y  Figure 4. 

tube and t h e  abscissa  i s  the bath temperature. 

was used f o r  determining the glass t r a n s i t i o n  temperature. The procedure 

cons is t s  of approximating the  curves above and below the  g lass  t r a n s i t i o n  

region by s t r a i g h t  l i n e s .  The g lass  t r a n s i t i o n  temperature defined by the  

i n t e r s e c t i o n  of these two l i n e s  was found t o  be reproducible within +2O C.  

The standard procedure1* 

Typical d i f f e r e n t i a l  thermal analysis  curves f o r  PMMA-DEP a r e  shown 

i n  Figure 5 .  The ordinate  i s  the temperature difference between the 

specimen and the  reference material and t h e  abscissa  i s  the specimen 

9 



temperaturc. S t re l la13  has shown t h a t  the  changt: i n  si. - 

e n t i a l  temperature between specimen and refercnce matcr*;:J 1 iLL 

of the &ass t r a n s i t i o n  temperature i s  pr imari ly  a r e s u l t  0,' i.,{l 

i n  spec i f i c  hea t  of t he  specimen and t h a t  the  g l a s s  t r ans i t i o : .  i 

should be taken as the  midpoint of t h i s  region. The spec i f i c  ; e '  

approximately a l i n e a r l y  increasing function of temperature bo i l :  C ~ J C ~ ~  

: 

aid 

below t h i s  t r a n s i t i o n  region. Therefore, as shown i n  Figure 5, the tem- 

perature  t r a c e  has been approximated by s t r a i s h t  l i n e s  i n  the temperature 

range above and below the  t r a n s i t i o n  region with a t h i r d  s t r a i g h t  l i n e  

through the  i n f l e c t i o n  point  of the t r a n s i t i o n  region. 

t i o n  temperature was then taken as the midpoint of the  two in t e r sec t ions  

of the s t r a i g h t  l i n e  approximations, as indicated i n  Figure 5. The repro- 

d u c i b i l i t y  of these curves decreases with increasing p l a s t i c i z e r  content 

The g l a s s  t r a n s i -  

because of t he  decrease i n  magnitude of the  d i f f e r e n t i a l  temperature a s  

t he  specimen temperature i s  increased through the  t r a n s i t i o n  region. 

Thus, t he  midpoint of the t r a n s i t i o n  i s  reproducible t o  +1/2O C with no 

p l a s t i c i z e r  present  bu t  decreases t o  a reproducib i l i ty  of approximately 

+2O C with the  maximum p l a s t i c i z e r  content reported here. 

Typical torsi-os& pendulum r e s u l t s  obtained f o r  t he  PMMA-DEP system 

are shown i n  Figure 6. 

which i s  defined as the  na tu ra l  logarithm of the  r a t i o  of amplitudes of 

successive o s c i l l a t i o n s  of t he  f r e e l y  damped to r s iona l  pendulum and the  

absc issa  i s  the  spec imn temperature. All poin ts  on the  logari thmic 

decrement curves were reproducible t o  within +lo C. 

The ordinate  i s  the  logarithmic decrement, A, 

A dynamic glass t r a n s i t i o n  temperature was a r b i t r a r i l y  defined as 

the  point  on the  curves of Figure 6 where A = 0.9. The reasons f o r  

10 



s e l e c t i n g  t h i s  p a r t i c u l a r  value of the iogarlt lc: , ic i i t ~ c z - ~ ~  c j  i 

discussed i n  the sect ion on monomer p1astici:;ed PI44A. Ttii:; 

d i f f e r e n t  from the n0rn3.l'~ dynamic glass t r a n s i t i o n  teinpcrntiil'c , / I  ' 

taken as the temperature where the damping peaks. The peak -i:i t i i r ,  ' ? i t  

was not  obtained i n  these tests because the damping became too  :;I*P:IL 

allow ca lcu la t ion  of A by t h i s  method as the temperature w a s  inert ' , TJ 

through the  t r a n s i t i o n  region. It may be seen from Figure 6 thab  a11 

increase  i n  the  amount of p l a s t i c i z e r  produces a s h i f t  t o  the l e r t  0;' the 

logarithmic decrement versus temperature curve and t h a t  the 'shape ol" the 

curve i n  the region of the g lass  t r a n s i t i o n  temperature remains constant.  

The increased damping shown by the lower  temperature p a r t  of the 16% DEP 

i n  PMMA curve i s  consis tent  with t h e  behavior shown by Schmeider and 

Wolf15 and does not inva l ida te  use of the  curve i n  the t r a n s i t i o n  region. 

However, a t  somewhat higher p l a s t i c i z e r  concentrations, t h e  slope i n  the 

t r a n s i t i o n  region would be expected to decrease,'* corresponding t o  a 

broadening of the curve i n  the t r a n s i t i o n  region. I n  such an instance,  

t h i s  method of determining g lass  t r a n s i t i o n  temperatures would over- 

estimate the g lass  temperature depression. 

The glass t r a n s i t i o n  temperatures, as measured by the t h r e e  methods, 

are summarized i n  Table 111. As expected, glass t r a n s i t i o n  temperatures 

as measured by the ETA and tors iona l  pendulum methods d i f f e r  from the  

accepted d i la tomet r ica l ly  determined glass t r a n s i t i o n  temperatures because 

of the  heating ratel3 and frequency16 dependence of these methods, respec- 

t i v e l y .  This difference was found t o  be qui te  constant with increasing 

p l a s t i c i z e r  content. 

glass temperatures approximately 4' C higher than those determined 

The DTA method a t  a heating rate of 5' C/min. gave 

11 
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di la tonie t r icz l ly ,  and the to r s iona l  peniruium gl:e8>L, L . 

A = 0.9 were about 6’ C higher. These relat, 13~:” -1. r J  L~ 

mining the  t r u e  di la tometr ic  g lass  t r a s i t i o r ,  t t ! i q ) x - : b L 1 l  I.c 

system from the dynanLc glass t r ans i t i on  teiipci-h-hrc. 

Glass Transi t ion Temperature Ylasui~ments  on Mo11onicr 

P las t ic ized  PMMn 

I 

The three methods used f o r  measuring the  g lass  t r a n s i t i o n  %enlperature i 
of t h e  PMMA-DEP systems were a l s o  used t o  s tudy the  PMMA-IOU systems. 

I 
Although a pseudo g la s s  t r a n s i t i o n  temperature may be measured by path of 

these  methods, it i s  d i f f i c u l t  t o  r e l a t e  t h i s  temperature t o  the  t rue  ! 
1 

g las s  t r a n s i t i o n  temperature. This d i f f i c u l t y  occurs because of t he  

apparent rap id  change i n  the  r a t e  of polymerization i n  the region of the 

g l a s s  t r a n s i t i o n  temperature. Evidence of t h i s  polymerization w i l l  be 

seen i n  results obtained by each of the three methods. Therefore, as 

w i l l  be explained below, varying degrees of confidence w i l l  be placed on 

the m l i d i t y  cf t he  indicated t r a n s i t i m  temperatures. 

Typical dilatometer results are shown i n  Figure 7 f o r  PMMA containing 

Oqb, l.l$, and 3.846 MMA. 

f l u i d  ( s i l i c o n e  o i l )  i s  p lo t t ed  against  temperature. 

t he  two lower curves do not behave i n  a manner similar t o  the  PMMA-DEP 

system i n  which the  slope of t he  dilatometer height versus temperature 

curve w a s  e s s e n t i a l l y  constant below the t r a n s i t i o n  region and gradual ly  

increased through the  t r a n s i t i o n  t o  a higher constant value above the  

t r a n s i t i o n  region. I n  Figure 7 the i n i t i a l  decrease i n  slope shown i n  

the region where the  l i n e s  are dashed is  a result of t h e  volume contract ion 

Here, the  height of the  dilatometer confining 

It may be seen tha t  

12 



caused by polymerization of some oi‘ tile mono; +L‘ 1 7 1  t ! , r  

of the extent of this polymerization are given ‘oeloi; i f  ,- 

DTA and torsional pendulum results. The tenperatarc :71; L-L: 3 I - 1  

f o r  polymerization was first detected was reproGucibie io w l :  ’ i’ I 

any initial concentration of MMA. Although this temperature' ~ ~ ( ~ c  ; L L - c ~ ’ ‘  :ist 

with increasing monomer content, as would be expected, it appears to bc 

principally an indicator of the temperature at which the polg”,-.er i -zni ion 

rate ificreases significantly. This break temperature is shown in colucm 

4 of Table I. Thus, definition of an accurate glass transition tempera- 

ture from dilatonetric measurements w o d d  depend on kncwhg mcre &out the  

relation between rate of polymerization and glass transition temperature. 

Typical M?A traces for PMMA containing various concentrations of MMA 

are shown in Figure 8. It may be seen that with increasing monomer con- 

centration, the traces develop an increasingly larger hump in the exother- 

mic direction. To verify that this exothermic reaction was caused by 

polymerization, several. of the samples were cooled after a DTA run to 0’ C 

while stiil in tie neating biock. 

the same conditions. In all cases, the second run produced a trace nearly 

coincident with that of the completely polymerized sample in the transi- 

tion region and showed no evidence of the exothermic hump. 

under the curve might be expected to be related to the total quantity of 

heat produced by the polymerization, which is proportional to the amount 

of mnomer in the sample. This was observed qualitatively; however, the 

instrument was not designed to give quantitative data. 

T’ne experiment was then rerun under 

The areas 

The approximate temperatures in Figure 8, where the exothermic hump 

diverges upward from the ordinary MIA trace, have been marked. These 

1 3  

* 



"upturn" temperatures were taken as D i A  glas: u * : L . i u i  L 

t h e  PMMA-MMA samples and a r e  summarized i n  column 5 o 

d e f i n i t i o n  of an upturn temperature f o r  the I'IQ"sl-14NA " 

t o  the  "midpoint" temperature lor the PEGI-XT sys Le:u. 

peratures  were reproducible within t2' C .  

L L ~ ~ ' , ,  

&though these t 

decrease with increasing p l a s t i c i z e r  content, they also depend O:I 1 , .  i c i n -  

pe ra ture  at which the  polymerization r a t e  becomes signii ' icant C J ~ I L  L A u ,  

may be only i n d i r e c t l y  r e l a t e d  t o  the g lass  t r a n s i t i o n  tempera%uA*L. 

The results obtained with the tors ional  pendulum for samples of PblMA 

containing monomer a r e  shown i n  Figure 9. 

the  i n i t i a l  upturn portions of the A versus T curves s h i f t  i n  the 

A s  was expected from Fig;Urcj 6, 

d i r e c t i o n  of lower temperatures as the concentration of monomer i s  

increased. The curve obtained f o r  unplasticized PMMA agrees with the 

results of Nielsen," which are ELSO shown i n  Figure 9. 

the 4.6% and 12.6 MMA curves t o  t h e  r i g h t  of the i n f l e c t i o n  point  on the 

The port ion of 

ascending port ion of the  curve have been shown as dot ted l i n e s  t o  empha- 

s i z e  t h e  f a c t  that the  composition of these sampies w a s  C i i & i l g i i i g  duriiig 

the  l a t t e r  p a r t  of t h e  experiment. This was proven by I. R. analysis  

for  monomer which w a s  conducted before and a f t e r  the  experiment and ind i -  

cated t h a t  monomer content decreased t o  less than 0.5%. 

To prove t h a t  the  change i n  monomer concentration w a s  not caused by 

d i f fus ion  of the  monomer t o  the surface followed by evaporation, a t o r -  

s i o n a l  pendulum specimen was subjected t o  a heating cycle i d e n t i c a l  t o  

the  heating cycle i n  the tors iona l  pendulum experiment. 

l o s s  during t h i s  cycle f o r  the  specimen which i n i t i a l l y  contained 12.0% 

monomer was less than 1/2$. 

The t o t a l  weight 

- 
14 



' I  

A s  previously noted i n  the PiWA-DW sect ion,  t-L( 

t r a n s i t i o n  temperature was defined as the tci .per3 t s u r t 2  * ' . .  

This p o s i t i o n  on the damping curve was somewhat a r b i t r w i l . ,  t 

glass  t r a n s i t i o n  temperature s ince at t h i s  damping i e v e i  ~, . i (  " ' 6  

- curve had not changed as a r e s u l t  of polymeriz a t' ion. 

enough t o  be unaffected by any possible changes i n  the level 0:' 1 sii 

lower temperatures. To ver i fy  t h i s  assumption, three speciireiis l'roi I a 

sample containing 1.% MMA were placed i n  an oven at  9 5 O  c foi* 19, T ' C ,  

and 30 minutes. The MMA concentrations, as determined by I. R. analysis  

after removal from the oven, were ident ica l  w i t h  the i n i t i a l  concentra- 

t i o n  within experimental e r r o r .  This indicates  that  the sample composi- 

11, 

t i o n  had not changed i n  t i m e  in te rva ls  comgarable t o  the t e s t  time. The 

glass t r a n s i t i o n  temperatures obtained using the torsiona1,pendilum were 

reproducible t o  within +lo C and a r e  summarized i n  Table I. 

The method described here f o r  determining a g lass  t r a n s i t i o n  temper- 

a t u r e  from the damping curve has an important advantage over the d i l a t o -  

metric and methods i n  t h a t  the deteririination of the g lass  t rans i t lo r :  

temperature i s  dependent only on t h e  behavior a t  temperatures s l i g h t l y  

above t h e  t r u e  g lass  t r a n s i t i o n  temperature. Thus, i n  the  PMMA-MMA sys- 

t e m ,  i t  i s  possible  t o  measure a glass t r a n s i t i o n  temperature f r e e  of 

the  complications of polymerization. For t h i s  reason, t h e  most, confi- 

dence i s  placed i n  the  accuracy of the glass t r a n s i t i o n  temperatures 

measured by the tors iona l  method, although those measured by the  other  

two methods c e r t a i n l y  give good indications of the  magnitude of glass 

texrperature depression with increasing mnomer content. 

. 



D T C n T T C C ' T  \TiT 
LIJU"UL)ICI" 

Mole cu lar  We igh t  and S t e  r e  ore ~ill.br it,: 

The g la s s  t r a n s i t i o n  temperature of PhEA can be si,gi:i~ 

a f f ec t ed  by the  presence of low molecular weight polymer"" 

s t e reo regu la r i ty  of the  polymer18j19 as well as by t i l s  ~ ) L * c ' ~ ,  

1 11. 

L! ' 

p l a s t i c i z e r s .  

two f a c t o r s  mentioned could s ign i f i can t ly  a f f e c t  the r e s u l t s  oT t h i L ,  

study, which i s  pr imari ly  concerned with p l a s t i c i z e r  e f f e c t s .  For tiic 

Consideration has beer, given t o  whether o r  not the i ' I  . ,i 

reasons given below, the  e f f e c t s  of molecular weight and s te reoregula i - i ty  

on Tg 

c i z e r  f o r  the  current  study. 

are expected t o  be negl ig ib le  compared t o  t h e  e f f e c t s  of plasti- 

The molecular weight data,  given i n  Table 11, show t h a t  the  molcc- 

ular weights of the  unplas t ic ized  PMMA samples used i n  t h i s  work were 

high enough tha t  e f f e c t s  on Tg could be sa fe ly  n e g 1 e ~ t e d . l ~  Moreover, 

t h e  measured g l a s s  t r a n s i t i o n  temperature of 1-08' C f o r  the unplas t ic ized  

PMMA prepared i n  t h i s  work i s  a t  least as high as t h e  accepted value2" of 

105' C for PMMA prepared by a f r e e  rad ica l  mechanism. These r e s u l t s  ind i -  

cate t h a t  very l i t t l e  low molecular weight polymer w a s  formed i n  the  bulk 

polymerizations used i n  t h i s  work. 

A s  pointed out i n  the  l i t e r a t u r e ,  t he  s t e reo regu la r i ty  of PMMA has 

a s i g n i f i c a n t  e f f e c t  on the  g l a s s  t r a n s i t i o n  temperature. 

i s o t a c t i c l 9  PMMA has a Tg 

PMMA has a Tg 

400 t o  60' C by a f r e e  r ad ica l  mechanisd8j20J21 has a 

106' C. 

Predominantly 

of 45' C and predominantly ~ y n d i o t a c t i c ~ ~  

of 115' C; whereas PMMA polymerized a t  temperatures from 

Tg of 104' t o  

The t a c t i c i t y  of PMMA polymerized by the  free r a d i c a l  mechanism . 

16 



' I  

depends only on the temperature of poljmerizslt A L ,  ' 

polymer i n  a l l  DEP-PMMA samples i s  expzcted iiave si1 ,i 1' . 

meric s t ruc tu res ,  s ince a l l  samples were polyxerized a i  

a tu re s .  For the  W - P W A  samples, hovever, 0.11;. 8$ "1' 

formed a t  the  same temperature (40° C ) .  

r e g u l a r i t y  of about 15% of the  polymer sample i s  subject  t o  a. cLc 

s tereoisomeric  s t ruc tu re  because of a change i n  the temperatiire 

merization. This could l e a d  t o  a consequent change i n  Tg. 

Henc?, i n  t h i s  (':I ,v I 

An attempt was made t o  determine experim2ntally by N.M.R. spectr,'" 

t h e  s t e reo regu la r i ty  of t he  PMMA mixtures prepared f o r  t h i s  work. The 

results of t he  N.M.R. s t ruc tu re  analysis  f o r  three of the F 2 ~ A - P ~ ~ ~ ~  sangles 

are given i n  Table 11. These r e s u l t s  compare favorably with the  range of 

Ph/Ps values given by Fox and SchneckolDand Bovey22 f o r  polymerizatibns 

ca r r i ed  out  i n  the  temperature range of 40' t o  100' C and a re  within ihe 

experimental s c a t t e r  of ph/Ps 

with AIBN. Therefore, because our measured Ph/Ps values f a l l  within 

the  range of the  

values f o r  samples'' polymerized at 60' C 

Ph/Ps -;dues fm polymers prepared by t he  conventional 

f r e e  r a d i c a l  process, t he  g lass  temperature of our polymer would,also be 

expected t o  be similar t o  t h a t  of t he  conventional material (Tg = 104O t o  

106O C )  and the  changes i n  

only t o  t he  changes i n  p l a s t i c i z e r  concentration. 

Tg noted i n  t h i s  inves t iga t ion  a r e  a t t r i b u t e d  

Glass Transi t ion TemperaturGs of DEP-PMMA Systems 

The g l a s s  temperatures of PMMA containing various concentrations of 

DEP were determined by three d i f f e ren t  methods t o  i n t e r - r e l a t e  the  g l a s s  

t r a n s i t i o n  temperatures obtained by each method and t o  compare the  r e s u l t s ,  



- wilere .L possible, Kith those reported Ln L!F 1: t -" tU'-  . - 

relations23 are usually compared to glass tci ~p : : L L U ~ ~ C ~ ,  : J t i i  cL 

determined by volume dilatonetry, it was of i_ntt-r'e;b i, .r! ~ t r .  - - 

peratures determined by the less  laborious VT'A a n d  to.-:;;o ,:tl I 

methods to the dilatometric Tg. The relation between t,ic 1- 

tion temperature as determined by the three xethods is sl ioir~ 

10, where the glass transition temperature is plotted against DEP conccn- 

tration. It should be noted that the dilatometric glass tempcrature is 

about 6' C lower than the torsional pendulum result and about 4' C lower 

than the DTA value. 

The relatively constant difference between the torsional pendu! Lm 

transition temperatures at A = 0.9 and the dilatometric results for the 

DEP plasticized systems tends to support the assumption that the breadths 

of the torsional pendulum dispersion curves do not increase significantly 

with increasing DE2 concentration in the concentration range of this 

investigation. 

Glass Transition Temperatures of MMA-PMMA Systems 

For monomer plasticized samples of PMMA it was found that the occur- 

rence of a polymerization reaction at a rapid rate in the region of the 

glass transition temperature complicated the interpretation. of %he dilato- 

metric and DTA methods for determining glass temperature. The pseudo 

glass transition temperatures measured by the three methods are'plotted 

in Figure 11 against MMA concentration. 

glass transition data show a large amount of scatter because of the poly- 

merization reaction which occurred in MMA plasticized samples. The torsional 

The ECA upturn and dilatometric 



pendulum t r a n s i t i o n  temperature was d e f i n c a  so  ~ i i a t  IL , 

by composition changes caused by the polpieriLaLioii react ;c i. 

t r a n s i t i o n  temperatures determined by t h i s  method arc  co:i~iC?.-.~- i 1 

1 .  
7 - v  I> v a i d .  By analogy t o  what tias fo'iiiid LA the  siii&- of t L I L  l,iJl - 

it i s  expected t h a t  the  t r u e  di la tometr ic  g lass  t r m s i t 3 o n  t 

which should be used t o  t es t  theo re t i ca l  predict ions,  would. l i L \  L ' I  c 

below t h e  to r s iona l  pendulum results. This i s  because the  m j o r  c - au- . _  

e n t  of both the  DEP-PMMA and MMA-PbWA systems i s  PMMA; 

frequency dependence of the  dynamic 

tomet r ica l ly  determined Tg 

and, thus,  the  same i n  both systems. 

f r a c t i o n  of MMA i s  a l so  shown i n  Figyre 11. 

therefore ,  

Tg measurement r e l a t i v e  t o  the ctila- 

should be p r inc ipa l ly  a funct ion of t he  li?MA 

This corrected Tg versus weight 

Comparison of t he  results of t he  t r a n s i t i o n  temperature rr,easure:p.ents 

f o r  the  MMA-PMMA system shows t h a t  the DTA upturn temperatures for samples 

containing mnomer are usual ly  s l i g h t l y  lower than for  the  measured t o r -  

s iona l  pendulum r e s u l t s .  This indicates  that, the  DTA upturn i s  r e l a t e d  

t o  the  g l a s s  t r a n s i t i o n  te i j ipraturz  f o r  the EEP-P&WA system. 

upturn temperature i s  reproducible and has been r e l a t e d  t o  the exother- 

mic polymerization reac t ion  which occurs i n  monomer p l a s t i c i z e d  PMMA, it 

means t h a t  the  rate of polymerization becomes s ign i f i can t  near the  DTA 

g l a s s  t r a n s i t i o n  temperature. 

Since t h i s  

Based on the data  shown i n  Table I, it may be seen t h a t  the t r u e  

g l a s s  t r a n s i t i o n  temperature i s  approximately 25' t o  30' C above the  

sample polymerization temperature. The r e s u l t s  of t he  r a t e  experiment 

shown i n  Figure 1 show t h a t  a t  80' C y  which i s  close t o  the  t r u e  g l a s s  

temperature f o r  a sample polymerized a t  5 5 O  C, t he  r a t e  of polymerization 



i s t i l l  i n su f f i c i en t  t o  cause an apprecizble chz:,;:c 5 , ;  

concentration during the time required f o r  a Class t 

ment. Thus, the  r a t e  of polymerization appeu:; to incrx - 

cant ly  between the  t rue  glass t r a n s i  t i n n  t ,pTyfJr?t , i :rc a c c  r 

temperature. 

The concept t h a t  a s ign i f i can t  change i n  r a t e  o€ polymer.; 

takes  place i n  the  v i c i n i t y  of the  glass temperature i s  borne o u t  i;y Lhe 

r e s u l t s  of Schultz and Harborth2' who measured the r a t e  of  polyiicri  :.;tion 

of MMA a t  constant temperature as a function of sample conversion. Tiicy 

found tha t  t he  r a t e  of polymerization decreased very markedly a t  a p a r -  

t i c u l a r  sample composition f o r  each temperature s tudied.  The cornpodition- 

temperature r e l a t ionsh ip  which they obtained agrees c lose ly  wi th  our  

r e s u l t s .  

8.5%, and 2.0% MMA remained unpolymerized i n  t h e i r  samples; l ikewise,  i n  

t h i s  work a smooth curve drawn through the DTA upturn temperatures 

given i n  Table I gives the  same three sample compositions within experi-  

A t  50°, TO0, and 90' C ,  Schultz and Harborth found t h a t  14$, 

mental s c a t t e r  f o r  the above three temperatures. Loshaek and pos- 

t u l a t e d  t h a t  i n  a polymerizing system the  polymerization w i l l  proceed 

u n t i l  t he  composition of the  monomer-polymer mixture has a g la s s  tempera- 

t u r e  equal t o  the  polymerization temperature. The current  work ind ica tes  

t h a t ,  although the  rate of polymerization does decrease markedly when the  

temperature i s  lowered through the Tg of the  mixture, f u r t h e r  polymeri- 

za t ion  does occur below the  glass t r a n s i t i o n  temperature of a MMA-PMMA 

so lu t ion .  This marked change i n  r a t e  which occurs a t  a temperature 

s l i g h t l y  above the  t r u e  glass temperature i n  the  MMA-PMMA so lu t ions  i s  

probably r e l a t e d  t o  a rap id  change i n  the d i f fus ion  of monomer w i t h i n  the  



sarilple a t  t h i s  temperature or t o  a rrariceci r , i ~ , i  

diffusion-control led i n i t i a t o r  decc t ,ps i t icA> L- 

The f a c t  t h a t  the di la tometr ic  break te i ,peratur t ;  

system a r e  usual ly  higher than the  DTA upturn “unperat 1 .I 

containing MMA can probably be a t t r i bu ted  t o  t h e  g r e a t c r  : , e  

the  DTA method i n  detect ing the polymerization react ion.  A i t ~  1’L.C t , 
t h a t  f o r  samples containing MMA the dilatomecric break u c ~ , c l l ~  bps 

higher t r a n s i t i o n  temperatures than the tors iona l  pendulum: i :, >’Lw- 

proof that  the MMA-PMMA sample composition does not change si::ni 2 ‘ L c z r - ~ l y  

up t o  temperatures a t  which A = 0.9. 

Comparison of Results With Available Data and Analyses 

The measured glass t r a n s i t i o n  temperatures as a functiori of d i luent  

content were compared with Tg predicted by three  ava i lab le  r e l a t ions  

f o r  g l a s s  t r a n s i t i o n  temperature depression due t o  increasing p l a s t i c i z e r  

content.  The f i r s t  of these  r e l a t ions  i s  dug t o  Fox2 and i s  similar i n  

concept t o  the Gordon-Taylor3 r e l a t i o n  for  &ass t r a n s i t i o n  temperature 

of a copolymer. FOX’S expression has the form:2 

res of the 

are t h e i r  

where Tg, and Tg2 represent  the g lass  t r a n s i t i o n  temperati 

pure polymer and pure d i luent ,  respect ively,  and W1 and W 2  

respec t ive  weight f r ac t ions  i n  the  system. 

The second r e l a t i o n  f o r  t he  glass  t r a n s i t i o n  temperature of a polymer- 

d i luent  system i s  derived from t h e  iso-free volume concept of t he  g l a s s  

i 



transition temperature and the assur.F ,:on 0,’ : i r i c , i  ~1 v- c, 

of polymer and diluent. This relation, as ~ - v t . i i  by 1:: I . 

has the form:23 

where Tg is the glass temperature of the po lp ie r -d i lucn t  sysi, ; ~ ” ,)  

is the glass temperature of undiluted polymer, Tgd is the @ed ,*a- 

ture of diluent, vp 

and ap and ad 

coefficients in the liquid and glass states of the polj;i,,er and L l u c n t ,  

is the volume fraction of polymer in the soLuu;o,;, 

are defined as the difference in the thermal expansion 

respectively. 

Gibbs and Dimarzio26 consider the glass -transition temperature to 

be related to a thermodynamic second-order phase transition which is 

predicted by their statistical mechanical theory, even though relaxation 

effects prevent attainment of a true second-order transition tempera:iure. 

These authors5 make use of a quasi-lattice model and allow for rotatLona1 

energy states in the molecules to derive an expression for The giass- 
, 

transition temperature of a polymer-diluent system. For a high molecular 

weight polymer containing a volume fraction of diluent, v, the glass 

temperature can be obtained from the following Dimarzio-Gibbs5 equation: 

c 



where 

t h a t  a p l a s t i c i z e r  molecule occupies; k i s  2o1uia.ilLi'  ., 

t he  g l a s s  temperature of the polymer-dilueni sgsteir,; 

are the  average s t i f f n e s s  energies by which one o ' tiirec p a J  

t i o n a l  pos i t ions  about a bond of t he  model i; ?evored i n  t 

the  d i luen t  molecules, respect ively.  Empty l a t t i c e  sites (i'L*< c ' 7 ;  

a r e  not  taken i n t o  account i n  Equation ( 3 ) .  However, tiic 

l a t t i c e  s i t e s  on the  ca lcu la t ions  has been described.26 

If 

B ,  = -kA/kTg; 8, = -AcB/kTG; 1-3 is L:LL I u,bc~; 

v = 0 i n  Equation (3) ,  can be computed by subs t i t u t ing  cor  

t he  experimental values of the g lass  temperature Yor undi luted poly- Tg 

mer. Hence, the  Dimarzio-Gibbs equation gives the  g lass  temperature of 

a polymer-diluent system as a function of the length  of the c!ilucnt nol- 

ecule  ('B) , i t s  s t i f f n e s s  energy ( A B )  , and concentration (v)  . 
I n  Figure 12, the dilatometer r e s u l t s  obtained f o r  the DEP-P&M 

systems are p l o t t e d  as versus weight f r ac t ion  of DEP and compared 

with pred ic t ions  of Equations (l), ( 2 ) ,  and ( 3 ) .  Some poin ts  from the 

Tg 

l o w  concentration end of t he  Kelley-Bueche4 data a r e  a l s o  p l o t t e d  i n  

of t h i s  f igure .  The measured T of 381O K and the  value of 
g1 

208' K reported by Kelley and Bueche4 were used i n  r e l a t i o n  (1). The 
T% 

Kelley-Bueche r e l a t i o n  (2)  was a r b i t r a r i l y  f i t t e d  t o  the  experimental 

d i la tomet r ic  glass temperature da t a  a t  low DEP concentrations by t r e a t -  

i ng  ad i n  Equation (2) as an adjustable  parameter. The o ther  param- 

e t e r s  i n  Equation (2)  were given t h e i r  experimental values; Tgp 

taken as 381' K; Rogers and M a n d e l k e r n ' ~ ~ ~  value of ap = 2 . 4 5 ~ 1 0 ~ ~  deg-l 

was used, and again 

w a s  

= Tgd = 208O K f o r  DEP. A value of 
Tg2 
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ad = 4.OX10-" deg-l, which i s  i n  the range c::pcci;ci: 

w a s  found t o  f i t  the data w e l l .  To p lo t  the 

curve (Eq.  ( 3 ) ) ,  the assumption that the poi,,mcr qrr, : 1 

same s t i f f n e s s  energy, t h a t  i s ,  AcA = AcB, w;is inaue, r 

equal t o  9 f o r  the following reason: From t, ieory5 a I 

PMMA occupies four l a t t i c e  s i t e s .  Hence, the> volume of a niol(: c,,' 

i s  about 21.2 ml. Comparing t h i s  with the mlar volwre of DEP t x t  

a molecule of DEP would occupy about nine l a t t i c e  s i t e s .  For t h c ,  low 

concentrations of DEP of current i n t e r e s t  (16$ or  l e s s )  a l l  i h r e c  

t i o n s  describe the experimental data adequaLely. 

I n  Figure 13, the t r u e  g lass  temperatures f o r  the MMA-PMMA solut ions,  

which were obtained by subtract ing 6' C from the  tors iona l  pendulum 

r e s u l t s  i n  Table I, a r e  p lo t ted  against  weight f r a c t i o n  of MMA. CLA.ves 

from r e l a t i o n s  (l), (2), and (3) a r e  a l so  p l o t t e d  on t h i s  f igure.  

value of T and Tgd used i n  expressions (1) and ( 2 )  w a s  estimated t o  

be about 153' K by a graphical extrapolation of the r e s u l t s  of Alexandrov 

and Lazurkin.'7 This value f o r  

+loo C because of the  extrapolation and the unknown frequency o r  tempera- 

t u r e  dependence of Alexandrov and Lazurkin's method of measuring 

However, the e f f e c t  of t h i s  e r r o r  i n  calculat ions of Tg w i l l  be small 

for the  low concentrations of monomer of i n t e r e s t  here. Thus, r e l a t i o n  

(1) i s  p l o t t e d  with T = 153' K. Using t h i s  value f o r  Tgd and the 

same values of 

a value of 

t o  the  experimental data  a t  12% MMA. 

Figure 13 w a s  computed from Equation (3) with 

The 

g2 

and Tgd may be i n  e r r o r  as mucn as Tg* 

Tg. 

g2 

Tgp and ap 
Ud = 5 . 0 ~ 1 0 - ~  deg-l 

given above i n  the discussion of DEP r e s u l t s ,  

w a s  chosen t o  a r b i t r a r i l y  f i t  r e l a t i o n  (2)  

The Dimarzio-Gibbs curve shown i n  

rB equal t o  5 and the 
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s t i f l ’ness  energy oi’ monomer taken equal t o  i 

the  polymer chain, t h a t  i s ,  AcB = Ack. 

by comparing the volume of a l a t t i c e  s i t e  t o  tile i . ~ l e c u l ~ - *  I 

iv2fA. 

The v?ilIi, G 

All th ree  r e l a t i o n s  s ign i f i can t ly  underestimate the  g 

t u r e  depression a t  low concentrations of monomer. 

decrease i n  Tg 

t e m  i s  apparent ly  not unique, however, s ince  sirriilar behav 

deduced from the r e s u l t s  of Alexandrov and L a ~ u r k i n ~ ~  for styrene- 

polystyrene so lu t ions  and of Ihndelkcrr: and ~ l o r j ? *  f o r  d5xethj-l 

ph tha la te -ce l lu lose  t r i b u t y r a t e  solut ions.  From the references c i t e d  

and from the  da ta  reported here, i t  would appear tha t  t h i s  deviaLLu.A i’rom 

predic ted  behavior m y  be mst prevalent  f o r  polymers p l a s t i c i zed  w;th 

t h e i r  own monomer. 

The r ~ p  i( 

as a funct ion of monomer content Tor the 
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TABLE I1 

Molecular Weight and N.M.R. Data for  WDIA 

f&x10-6 Fi10-6 . !';JPs Polymerization Fer ce n t 
temperature, OC conversion ( @;/mole ) (@;/mole ) 

100 

70 
61 
48 
36 

".'( : 

0.63 
- - -  
-e- 

0.64 

TABLF: I11 

Results of Transition Temperature Determinations 
for the DEP-PMMA System 

Glass transition temperature, OC 

Wt percent JXA Tor. pendulum, 
DEE) Dilatmetric Eidpo i n t  A = 0.9 

~~ 

0 108 113 
105 3.0 

3.6 99 105 

8.0 84 89 
16.0 65 73 

-- - 



FIGURE LEGEND3 

Figure 1. Rate experiment f o r  the bulk  polymerization of MMA conta;ti;iig 

I n i t i a l  polymerization conduc:ed a t  40' C f o r  24 hrs. 0.5% AIBN. 

Figure 2. 

Figure 3. Schematic diagram of t o r s i o n a l  pendulum. 

Figure 4. 

Figure 5.  

Schematic diagram of DTA instrument. 

Typical dilatometer r e s u l t s  f o r  DEP p l a s t i c i zed  PIW. 

Typical DTA t races  obtained a t  a heating rate of 5' C/min. f o r  

DEP p las t i c i zed  PMMA. 

, Figure 6. Torsional pendulum resul ts  f o r  DEP p l a s t i c i zed  PMMA. 

Figure 7.  Typical dilatometer r e su l t s  f o r  PMMA containing mnomer. 

Figure 8. Typical IYJ!A t races  fo r  monomer p l a s t i c i zed  PMMA obtained at 

a heat ing rate of 5' C/min. 

Figure 9. Torsional pendulum r e s u l t s  f o r  monomer p l a s t i c i zed  PMMA. 

Figure 10. Glass t r a n s i t i o n  temperatures as determined by three  methods 

f o r  DEP-PMMA samples. 

Figure 11. Glass t r a n s i t i o n  tempepatures as determined by three methods 

f o r  MMA-PMMA samples. 

Figure 12. Comparison of experimental g l a s s  t r a n s i t i o n  temperatures of 

DEP-PMMA systems with theo re t i ca l  predictions.  

Figure 13.  Comparison of experimental g l a s s  t r a n s i t i o n  temperatures f o r  

MMA-PMMA systems with the  predictions of ava i lab le  theor ies .  




























